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We study the offset fields affecting the free layer of perpendicularly magnetized tunnel junctions. In extended films, the
free layer offset field results from interlayer exchange coupling with the reference layer through the MgO tunnel oxide.
The free layer offset field is thus accompanied with a shift of the free layer and reference layer ferromagnetic resonance
frequencies. The shifts depend on the mutual orientation of the two magnetizations. The offset field decreases with
the resistance area product of the tunnel oxide. Patterning the tunnel junction into an STT-MRAM disk-shaped cell
changes substantially the offset field, as the reduction of the lateral dimension comes with the generation of stray fields
by the reference and the hard layer. The experimental offset field compares best with the spatial average of the sum of
these stray fields, thereby providing guidelines for the offset field engineering.
I. INTRODUCTION
Spin-Transfer-Torque Magnetic Random Access Memories
(STT-MRAM) is presently based on perpendicularly mag-
netized Magnetic Tunnel Junctions (MTJ) in which the free
layer’s magnetization is manipulated by spin-torque1. Opti-
mal non volatility of the stored information requires that the
two remanent states of the free layer disk have equal thermal
stability. In addition, the management of information writ-
ing in STT-MRAM cells is easier if the transitions between
the two remanent states share similar speeds, voltage thresh-
olds and error rates. Unfortunately the symmetry of the ther-
mal stability factors and of the switching properties of the two
states is generally altered by ”offset fields” that bias the free
layer dynamics in real systems. The offset fields can vary
substantially with the device size and from stack composi-
tion to stack composition, which complicates their analysis.
In addition, the non-invasive measurement of offset field in
STT-MRAM cells is rendered more and more difficult as the
spin torque efficiencies progress. As an alternative, double
MTJ stacks2 are sometimes proposed to alleviate the offset
field constraint. However this is at the cost of substantially
increased material complexity and MTJ thickness, leading to
manufacturing challenges. The understanding of offset fields
is thus important for the engineering of better operating STT-
MRAM cells while keeping reasonably simple thin stacks.
Here we unravel the different origins of offset fields, from
interlayer exchange coupling through MgO, to dipolar cou-
plings within the patterned stack. The paper is organized as
follows. Section II describes the sample compositions and the
main properties of the stack. Section III describes the offset
fields already present in the unpatterned film, and evidences
their interlayer exchange physical origin. Section IV describes
how the patterning affects the offset field, and models it as re-
sulting from dipolar coupling within the stack.
a)Electronic mail: thibaut.devolder@u-psud.fr
II. SAMPLES
Our objective is to understand the different offset fields that
may alter the free layer behavior in perpendicularly magne-
tized MTJ. We thus study free layers embodied in state-of-
the-art, hence bottom-pinned MTJs. Their composition is
sketched in Fig. 1(a), with film growth and fabrication details
described in ref.3. From bottom to top, the stack organisa-
tion is: Hard Layer / Antiferro-coupler (Ir, 5.2 A˚) / Reference
Layer / MgO (rf) / Free layer / MgO (rf) / cap. Following
previous optimizations4–8, the Hard Layer (HL) is [Co (5A˚) /
Pt (3A˚) ]×5 / Co (6A˚). It is strongly coupled antiferromagnet-
icly to the Reference Layer (RL) by the Iridium spacer. The
reference layer is Co (6 A˚) / XFeCoB (6 A˚) / FeCoB (9 A˚),
where X is an early transition metal and the XFeCoB para-
magnet promotes both a strong ferromagnetic coupling and a
texture transition from the fcc Co to the bcc iron-rich FeCoB
layer9,10. The free layer is Fe52.5Co17.5B30 (14 A˚) / Ta (3 A˚) /
Fe52.5Co17.5B30 (8 A˚) where the Ta is deposited atop a sacri-
ficial Mg (6.5 A˚) layer4 to minimize Ta implantation into the
bottom FeCoB. In contrast to ref.3, our present tunnel junc-
tions are annealed at 400◦C. Ferromagnetic resonance11 was
used to obtain the free layer damping α = 0.0062 ± 0.0002
as well as in inhomogeneous linewidth broadening µ0∆H0 =
6 ± 1 mT, in line with previous optimizations6. For the blan-
ket film studies, the growth conditions of the MgO are varied
in order to yield resistance area product ranging from 2.5 to
5.5 Ω.µm2. In the ultrathin film limit, the magnetizations are
often different from their bulk counterpart, and that the pres-
ence of Boron and of potential interdiffusion can further mod-
ify their values. Vibrating sample magnetometry loops [Fig. 1
and 2] were used to measure the areal moments of each sub-
system within the full MTJ. They were translated into mag-
netization using the nominal thicknesses (Table I). Note that
as the FeCoB and Co parts of the reference layer behave as
a strongly exchange-coupled single block, we have assigned
arbitrarily the same magnetization to these two layers.
The MTJs were patterned into circular devices with diame-
ters ranging from 30 nm to 500 nm. To fabricate the devices,
a thicker oxide is used, yielding a TMR= 182% as well as a
resistance area product of 9 Ω.µm2. For the calculations of
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FIG. 1. Properties of the unpatterned MTJ. (a). Sketch of the mag-
netic tunnel junction stack. (b) Minor loop of the free layer, when
starting from large positive field. (c) Correlation between the resis-
tance area product and the offset field of the free layer (blue crosses,
reflecting the exchange coupling through MgO) and saturation field
of the reference layer (green squares, reflecting the sum of the ex-
change coupling through MgO and the anisotropy of the RL/MgO
interface). The dotted line is a guide to the eye.
spin-torque amplitudes within the device, we shall consider
that this TMR results from a spin polarization P of the cur-
rent that tunnels between the free and the reference layer. P
can be estimated from Julliere’s formula to be P = 69%.
TABLE I. Vibrating Sample Magnetometer estimation of the magne-
tizations of the sub-systems of the MTJs.
Free Layer Reference Layer Hard Layer
FeCoB FeCoB XFeCoB Co Co/[Pt/Co]×5
Thickness (A˚) 25 9 6 6 46
Ms (106A/m) 1.1 0.96 0 0.96 0.88
III. FILM LEVEL OFFSET FIELDS
We shall first study in detail the case of a representative
MTJ blanket film having RA = 4 Ω.µm2 before studying
the RA dependence of the offset fields. The free layer offset
fields are first characterized by vibrating sample magnetome-
try (VSM) and then Vector Network Ferromagnetic resonance
(VNA-FMR11) in out-of-plane fields.
A. Free layer Offset field
The VSM minor loops [Fig. 1(b)] are square but off-
centered. The offset field is typically of Hoffset = 7 mT when
RA = 4 Ω.µm2. In all our samples, this offset field favors the
parallel orientation between the RL and the FL. Coercivities in
extended thin films are often extrinsic and influenced by non-
representative defects, such that we prefer to complement the
VSM-measured offset field by VNA-FMR for a more reliable
characterization. For out-of-plane fields Hz large enough to
saturate the full MTJ in one of the two parallel states (P), the
FL FMR frequency is independent of the field history and can
be modeled by:
fP =
γ0
2pi
(|Hz|+Hk −Ms +Hoffset) (1)
where γ0 ≈ 230 kHz.m.A−1 is the gyromagnetic factor. The
effective anisotropy fields Hk−Ms and the offset field Hoffset
cannot be separated when all layers have the same magnetiza-
tion orientation. At smaller fields, the reference layer switches
and together with the hard layer they form a synthetic antifer-
romagnet; At this stage such the reference layer and free layer
have now antiparallel (AP) magnetizations. In this case the
RL to FL coupling field is opposite to the free layer magne-
tization and its experimental FMR frequency decreases sud-
denly by 430 MHz [Fig. 2(a)]. The FL FMR is now expected
to follow:
fAP =
γ0
2pi
(|Hz|+Hk −Ms −Hoffset) (2)
When further increasing the field, we cross the free layer co-
ercivity and recover a state in which the FL and RL have par-
allel magnetizations [Fig. 2(b)] and Eq. 1 holds again. Fits
of the free layer FMR [Fig. 2(a)] through Eq. 1 and 2 yield
µ0(Hk−Ms+Hoffset) ≈ 193 mT and µ0(Hk−Ms−Hoffset) ≈
179 mT. On this RA = 4 Ω.µm2 sample, the free layer FMR
shift thus confirms the value of the offset field (7 mT) mea-
sured formerly with the VSM minor loop.
B. Interlayer exchange through MgO and shift of
reference layer FMR
It is interesting to describe the free layer offset field as an in-
terfacial exchange energy resulting from interlayer exchange
coupling through MgO12,13. For this we assume a weak in-
terlayer exchange coupling between layers (i.e. FL and RL)
having different properties (see Eq. 5 of ref. 14) and define:
JMgO = µ0HoffsetM
FL
s tFL (3)
where tFL is the thickness of the FL. Note that if the FL offset
field is due to an exchange coupling between the FL and the
RL through MgO, it should also influence the reference layer.
Unfortunately a minor loop-based measurement is less easy
to apply to the reference layer because its offset field adds to
a very strong coupling with the hard layer. At the MTJ sat-
uration field (i.e. when the RL saturated along the applied
field), its coupling with the hard layer leads to a reversible
(hysteresis-free) rounded RL switching in which the coerciv-
ity part and the offset part of the saturation field can not be
separated by a minor loop strategy.
Instead of using the switching field, we can benefit from
the joined field and frequency resolutions of VNA-FMR to
3measure selectively the effective fields affecting the dynamics
of the reference layer in a manner similar that the previously
used for the free layer (Eq. 1 and 2). The lowest frequency
mode of the synthetic antiferromagnetic is essentially local-
ized in the reference layer (see ref. 5); it undergoes a jump
of 820 ± 20 MHz when the free layer magnetization reverses
[Fig. 2(a), top curve] and gets parallel to the reference layer.
Interestingly, we can14 jointly use the frequency jumps of the
FL and of the RL and write:
γ0JMgO/(M
RL
s tRL) = +820 MHz
γ0JMgO/(M
FL
s tFL) = +430 MHz
(4)
The two former expressions can be used to cross-check the
consistency of the magnetizations listed in Table I. Indeed The
ratio of the frequency jumps is consistent with the ratio of the
FL and RL areal moments. This point should not be over-
looked at it means that the coupling through MgO propagates
through the whole reference layer (FeCoB and Co), which
confirms that the coupling through the XFeCoB layer is much
stronger than JMgO.
C. Dependence of offset field with resistance area
product
The application of eq. 3 to the RA = 4 Ω.µm2 sample
yields JMgO ≈ 19 µJ/m2. This value is by no means gen-
eral since the offset field varies with the deposition conditions
and the MgO thickness. To illustrate this point, we have mea-
sured jointly the local RA product by current-in-plane tunnel-
ing (CIPT15) and the local FL offset field and RL saturation
field by Polar Kerr loops. The measurements were performed
on three line scans on four 300 mm2 wafers with known (and
minor) RA differences. The CIPT measurement locations are
exactly the same as the polar Kerr locations. The results are
gathered in Fig. 1(c) and indicate that the FL offset field varies
in a correlated way with the resistance area product of the
junction. The correlation shows that the RA vs. Hoffset trend
is consistent within wafer and from wafer-to-wafer: measur-
ing RA and measuring offset field are somewhat equivalent
in our material system. As a side comment, we routinely use
this correlation as a process diagnosis tool and we monitor
the offset field as a predictor of RA and track any drift in the
thickness of the deposited MgO.
We note that the correlation is also present in the satura-
tion field of the RL [Fig. 1(c), green symbols]; however as
mentioned earlier the RL offset field can not be deduced from
the saturation field in a rigorous manner, since the evolution
of the RL saturation field may also reflect an increase of the
anisotropy of the RL/MgO interface whose structural origin
would also result in an increase of the RA product. Finally, it
is also worth noticing that our values of JMgO and their trend
from Fig. 1(c) are consistent with the 7 µJ/m2 reported in
ref. 16 for larger resistance area products of 10 Ω.µm2. This
dependence with the thickness of MgO is an additional indica-
tion that the free layer offset field at blanket film level results
from interlayer exchange coupling mechanism.
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FIG. 2. (Color online). Ferromagnetic resonance modes and hystere-
sis of unpatterned MTJs (a) Eigenmode angular frequency divided
by gyromagnetic ratio minus applied field. This represents the sum
of exchange coupling fields and anisotropy fields acting on the free
layer (blue square symbols) and on the reference layer (greeen cross
symbols). (b) VSM Hysteresis loop. The horizontal arrows denote
the field sweeping directions. The vertical arrows represent the orien-
tations of the magnetizations of the free layer (blue), reference layer
(green) and hard layer (red).
IV. DEVICE LEVEL OFFSET FIELDS
When passing from blanket level to device level, offset
fields are generally much higher indicating that additional ef-
fects at also at play. Indeed when patterning, uncompensated
magnetic charges appear at the system boundaries, such that
the finite lateral dimension of the device results in the sys-
tematic generation of stray fields by the different layers of
the MTJ, thereby complicating the understanding of the offset
fields.
A. Defining offset fields in spin-torque devices
Before discussing the values of the offset fields at device
level, it is worth describing first how we measure them. Indeed
at device level, invasive magneto-resistance loops are used
instead of the non-invasive VSM of Kerr effect that would
be difficult to implement at device level. A finite current
is passed through the device and the unavoidable associated
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FIG. 3. Switching field versus switching voltage stability diagram for
a 36 nm diameter MTJ (blue crosses). The offset field in zero applied
voltage is -38 mT (i.e. favoring the antiparallel state) and it was
subtracted. The gray diagram is the diagram constructed by central
symmetry. The lines correspond to the macrospin model (Eq. 5) with
Vswitch = 0.24 V and Hswitch = 240 mT; the slope is consistent with
α = 0.0096 if P = 69% is assumed. Inset: zoom on a resistance
versus field zoom at large voltage bias in the area labeled by a star.
loop with back-hopping
spin-torque may affect the offset field measurement. To mea-
sure reliably the free layer offset field, we measure stability di-
agrams, i.e. conductance versus field loops at variable applied
voltages, and export the fields and voltage values that yield
transitions between low and high resistance states. This is il-
lustrated in Fig. 3 for a representative device of diameter 36
nm. It is worth noticing that correcting for the field offset mea-
sured at zero bias voltage yields switching voltages that are
equal and opposite, as expected for spin-torque induced rever-
sal in tunnel junctions17. This is an important point as it means
that the two possible definitions of offset field – average of the
two switching fields in zero voltage, or applied field leading
to equal back-and forth switching voltages – were equivalent
for all our investigated devices. Let us now see how sensitive
the offset field can be to its measurement method.
B. Sensibility of offset fields with voltage bias
On devices smaller than typically 50 nm, the boundaries of
the stability diagram near the field compensation were found
to be linear, parallel to each others and centrosymetric after
field offset compensation (Fig. 3). In that field region of quasi-
offset-compensation, the P to AP and the AP to P switching
transitions seem equivalent. To illustrate this point we have
superimposed on the experimental data (i) its centrosymet-
ric construction and (ii) the expected stability diagram of a
macrospin at zero temperature (Fig. 3), i.e. the curve18:
V
Vswitch
− H
Hswitch
= ± 1 , (5)
where Vswitch = 0.24 V is the switching voltage in compen-
sated field and µ0Hswitch = 240 mT is the switching field
after offset compensation. Note that in a macrospin model,
the slope of the stability diagram Vswitch/Hswitch is the spin-
torque efficiency factor which depends on the ratio of α/P .
For the specific device of Fig. 3 the spin-torque efficiency fac-
tor would be consistent with αdevice = 0.0096. The difference
with the film value (αfilm = 0.0062) is not understood.
An important point to be noticed on the stability diagram is
that it has corners: the parallel branches that should theoret-
ically extend to infinity (Eq. 5) do not extend above fields of
typically 250 mT. In these high field / high voltage regions, the
resistance versus field loops are either rounded and reversible
(not shown) or exhibit stochastic back-hopping (inset, Fig. 3)
arguing for an instability of the reference layer at these large
fields and large spin-torques. For very large devices only (di-
ameters above 150 nm) this back-hopping sometimes leads to
the full reversal of the HL + RL synthetic antiferromagnetic
which can be evidenced as it changes the stimulus polarities
in field-driven minor loops and in low field STT-driven loops.
The presence of ”corners” in the stability diagrams has im-
plications for the measurement of the offset field. Indeed the
linear branches (Eq. 5) of the stability diagram start to bend
substantially already near zero voltage bias (Fig. 3). The
bending is not always of comparable amplitude in the two
switching transitions. A practical consequence is that when
attempting to measure the offset field with a finite bias Vbias
one suffers an absolute error of Vbias × dHswitchdVswitch . This error can
not be predicted by the measurement of the sole R(H) and
R(V) loops; measuring the offset field using two polarities of
Vbias, or using an ac bias minimize this error but overall an un-
certainty of typically 0.5 mT/mV can not be avoided. It adds
to the naturally occurring thermal noise-induced fluctuation
of the switching fields (typically ±3 mT). This error being
minimized, we have gathered in Fig. 4 the offset fields of 320
devices of various sizes mainly ranging from 30 nm to 400
nm. These offset fields include the interlayer exchange cou-
pling identified in section III and estimated to be a couple of
mT only in these (relatively) high RA devices. Note also that
part of the device-to-device dispersion of the offset field was
expected from material non-uniformity identified from FMR
inhomogeneous linewidth broadening (standard deviation of
±6 mT).
C. Profiles of the stray fields emanating from the RL and
HL
Let us investigate whether these experimental offset fields
can be understood from the dipolar coupling with the stray
fields of the reference and hard layers. To estimate these stray
fields, we assume that the layers composing the RL and the
HL systems are uniformly magnetized along z. The first cal-
culation step is to recall that the out-of-plane field generated at
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ameter for 320 different devices. The experimental offset fields in-
clude the contribution from the interlayer exchange coupling through
MgO, estimated to be a couple of mT. Blue line: calculated spatial
average of the stray field of the reference and hard layers at the center
of the free layer.
a vertical distance z and a radial distance ρ by a PMA magnet
that is cylindrical of radius a and thickness t and centered at
position ρ = 0, z = 0 is:
B⊥(ρ, z) = −µ0Ms
4pi
∫ 2pi
0
∫ a
0
b⊥(r, ρ, φ, t, z) dr dφ (6)
where the integrand b⊥ is the function
r( t2−z)(
( t2−z)
2
+ρ2+r2−2ρrcos(φ)
)3/2 + r( t2+z)(
( t2+z)
2
+ρ2+r2−2ρrcos(φ)
)3/2 .
Similarly we shall use that fact that the in-plane radial field
generated by a similar magnet is:
Bx(ρ, z) = −µ0Ms
4pi
∫ 2pi
0
∫ a
0
bx(r, ρ, φ, t, z) dr dφ (7)
where the integrand bx is now the function
r(ρ−rcos(φ))(
( t2+z)
2
+ρ2+r2−2ρrcos(φ)
)3/2− r(ρ−rcos(φ))(
( t2−z)
2
+ρ2+r2−2ρrcos(φ)
)3/2 .
The stray field profile at the free layer position is simply
calculated by summing the contributions of all magnetic lay-
ers placed at their respective vertical positions. Convention-
ally the RL and the HL are magnetized along +z and −z.
Examples of their radiated stray fields are reported in Fig. 5
for devices of diameters 60, 40 and 20 nm. It is worth notic-
ing that the out-of-plane stray fields can be highly non uni-
form at the FL position [Fig. 5(c, e, f)]. Near the free layer
edges, the free layer feels both the stray field from the (most
proximal) reference layer [Fig. 5(a)], as well as that of the
higher moment (but more distant) hard layer [Fig. 5(b)]. Con-
versely at the center of the free layer, the out-of-plane stray
field from the (most proximal) reference layer (green curve)
is strongly reduced, such that the out-of-plane field seen by
the free layer is dominated by the (higher moment) hard layer.
Since the RL and HL are located at different distances from
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nm (e) and 20 nm (f). The field profiles are colored inside the free
layer and are black outside of it.
the free layer, the sum of the RL and HL stray fields results in
a complicated profile [Fig. 5(c, e, f)], with a marked waviness
and overshoots near the free layer edges, but a rather constant
stray field in the inner of the free layer, especially for devices
of diameter near 40 nm. Note in addition that even when the
out-of-plane stray field is rather uniform, there is still a sub-
stantial in-plane stray field converging towards the center of
the free layer [Fig. 5(d)].
D. Dipolar offset field
In order to understand the dependence of the offset fields
over the device diameter 2a, we have calculated the spatial av-
erage 〈B(z)〉 of the out-of-plane component of the total stray
field:
6〈B(z)〉 = 1
pia2
∫ a
0
Bz(ρ, z) 2piρdρ (8)
The figure 4 compares this spatially-averaged field with the
experimental offset field. Despite the large spread in the ex-
perimental data, the agreement can be regarded as satisfac-
tory: the order of magnitude is correct, as well as the overall
trend. We can conclude that the offset field of devices can be
understood from the sum of an RA-dependent (rather small)
interlayer exchange coupling through MgO, plus the spatial
average of the stray fields generated by the reference and hard
layers. Note that if the experimental offset field was com-
pared with the peak field of the calculated field profile instead
of the mean field, no such agreement would be obtained (not
shown). Indeed the peak field stabilizes to a constant value
(here -35 mT) for large devices when the edges of the device
are sufficiently distant from each other that their stray fields
do not overlap.
V. CONCLUSION
We have measured and discussed the free layer offset field
that is present in perpendicularly magnetized tunnel junctions
meant for STT-MRAM applications. At blanket level, the off-
set field is due to interlayer exchange coupling through the
MgO tunneling oxide. It decreases with the resistance.area
product of the junction, from a maximum of 30 µJ/m2 at
RA = 3 Ω.µm2. Measurement of the offset field at device
level requires to minimize its alteration by spin-torque. The
device level offset field can be understood from the spatial av-
erage of the stray fields emanating from the other magnetic
layers of the MTJ stack. As a result of its dipolar origin, the
dipolar part of the offset field depends strongly on the device
diameter.
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